We propose the concept of terahertz (THz) photomixing enabled by the interband electron transitions due to the absorption of modulated optical radiation in double-graphene layer (double-GL) structures and the resonant excitation of plasma oscillations. Using the developed double-GL photomixer (DG-PM) model, we describe its operation and calculate the device characteristics. The output power of the THz radiation exhibits sharp resonant peaks at the plasmonic resonant frequencies. The peak powers markedly exceed the output powers at relatively low frequencies. Due to relatively high quantum efficiency of optical absorption in GLs and short inter-GL transit time, the proposed DG-PM operating in the resonant plasma oscillation regime can surpass the photomixers based on the standard heterostructures. V C 2013 AIP Publishing LLC.
I. INTRODUCTION
The energy spectrum of graphene layers (GLs) enables the interband photogeneration of electrons and holes by electromagnetic radiation from the terahertz (THz) to ultraviolet range. [1] [2] [3] This provides an opportunity to use GL structures in active and passive optoelectronic devices. Long momentum relaxation times in GLs 4 promote the existence of different modes of weakly damped propagating and standing plasma waves (oscillations) in GL-structures, in particular, in the gated GLs at THz frequencies, [5] [6] [7] [8] [9] [10] as well as plasmon-polaritons. 11, 12 The variation of the gate voltage, V 0 , in such structures with highly conducting gates tunes the plasma frequencies, which are proportional to V 1=4 0 . 5, 7 This voltage dependence is different from that in the gated structures with two-dimensional gas of the electrons with the standard (near parabolic) energy spectrum, in which the plasma frequency is proportional to V 1=2 0 (see, for instance, Ref. 13 ). The distinction of the voltage dependences in question is associated with the dependence of the "fictitious" mass of electrons and holes in GLs on the electron and hole densities and, hence, on the gate voltage. The gapless energy spectrum of GLs and the expected weak damping of different plasma waves in GLs opens up the prospects of creation of different THz plasmawave GL-based devices, such as THz photomixers, surpassing those made of the standard heterostructures such as highelectron mobility transistors (see, for example, Refs. [13] [14] [15] [16] [17] [18] [19] [20] [21] . In recently fabricated and analyzed double-GL structures, [22] [23] [24] [25] the propagating and standing plasma waves can exhibit nontrivial properties. In particular, in the double-GL structures the waves, in which the electron and hole densities oscillate in the same phases, are similar to those in the gated structures and the linear plasma wave dispersion relation (the plasma frequency is approximately proportional to the wave number, x p / q). This is because in these structures each GL plays the role of a highly conducting gate for the other GL. 26, 27 The ac electric field in such syn-phase plasma modes is mainly located between GLs. In the double-GL and multiple-GL structures, other plasma modes exist, including the waves with the opposite phases of the electron and hole density variation with x p / q (Refs. 28 and 29) and the plasmonpolariton modes with rather complex spectrum. 30 In this paper, we propose to use the double-GL structures irradiated by two coherent optical sources, i.e., lasers with the photon frequencies, X 1 and X 2 , close to each other, so that the modulation frequency, x, is equal to x ¼ X 2 À X 1 ) or by ultra-short optical pulses for the generation of THz radiation (THz photomixing). The device operation is associated with the ac photocurrent between GLs at the difference frequency x. The radiation induced photocurrent between GLs induces the ac terminal current, which feeds an antenna emitting the radiation with the frequency x. As shown in the following, when x approaches to the frequencies of the plasma oscillation modes (with the syn-phase variations of the electron and hole densities), the excitation of plasma oscillations in the double-GL structures occurs, and the ac inter-GL photocurrent can be resonantly large.
The spectrum of the plasma modes in the double-GL structures with limited length is determined by the quantization rule x ¼ x n / q n . Here q n is the wave numbers (n ¼ 0, 1, 2,…). The latter are determined by the specifics of the boundary conditions.
In the double-GL structures with the inter-GL barrier made of hexagonal boron nitride (hBN), 23 the barrier height is large, so that the effective generation of the inter-GL photocurrent is possible only if the photon energies hX 1 and hX 2 are rather large (about several eV). However, as demonstrated recently, 25 tungsten disulphide (WS 2 ) between GLs (or some similar compounds), the barrier for electrons is relatively low (so that, depending on the values of the barrier height and the electron energy, the inter-GL current can be associated with both tunneling through the barrier and thermionic emission over the barrier). In such structures, the photoemission of electrons from one GL to another caused by the absorption of photons with hX 1 ' hX 2 $ 1 eV can be effective. The possibility to vary the electron and hole densities in GLs by the applied bias voltage provides an opportunity to control the resonant plasma frequencies by this voltage.
To substantiate the concept of the double-GL photomixer (DGL-PM) under consideration, we develop a model for the pertinent device, calculate its characteristics, and evaluate the device performance. The resonant response of DGM-PMs, associated with the excitation of plasma oscillation, provides significant advantages over the THz photomixers based on the low-temperature-grown GaAs photoconductive switch, 31 p-i-n photodiodes, 32 and unitravelling-carrier photodiodes (UTCPDs). 33, 34 Relatively strong absorption in GLs and ultra-short transit time across the inter-GL barrier can result in the DGL-PM performance exceeding that of UTC-PDs even with the integrated plasma cavity. 35 
II. MODEL
We consider DG-PMs with the inter-GL barrier made of a material like WS 2 , which forms a relatively low barrier for electrons (and rather high barrier for holes) or of a very thin layer with sufficient tunneling transparency for the photoexcited electrons. We focus on the device structures shown in Fig. 1 (upper panel) . It is assumed that each GL is supplied with a side contact. The bias voltage, V 0 , is applied between these contacts to induce the extra electrons in one GL (upper) and holes in another (lower), referred to as the n-and p-GLs, respectively. It is assumed that the intensity, I, of the incoming optical radiation comprises the ac component (the beating intensity) dI expðÀix tÞ. In the case of irradiation by two lasers with close frequencies,
, where I 1 and I 2 are the intensities of radiation emitted by the lasers with the frequency X 1 ¼ X and
The electrons photoexcited in the n-GL due to the interband transitions associated with the absorption of the incident photons can easily escape from this GL to another GL over the barrier if hX=2 > D e ¼ D C (see Fig. 2 , upper panel), while the photoexcited electrons in the p-GL cannot leave it over the barrier until when hX=2 electron flux from n-GL to p-GL dominates, and the inter-GL photocurrent due to the photoelectrons passing over the barrier appears. In this case, only a weak component of the electron flux from the p-GL to the n-GL can exist only due to the inter-GL tunneling.
To avoid strong inter-GL dc current, the Fermi energy l should not exceed the barrier height D C . The above conditions correspond to the following relationship between the barrier height, the photon energy, and the bias voltage:
At the photon energy hX smaller than the barrier height D C , the inter-GL photocurrent is associated with the electron tunneling from the n-GL to p-GL, which prevails the tunneling from the p-GL to the n-GL due to lower effective barrier height in the former case (see Fig. 2 , lower panel). In such a situation, the photocurrent can be moderate, but sufficient for the photomixing, particularly, if accompanied with the plasma oscillations excitation.
The consideration of the thermionic and tunneling mechanisms of DGL-PM operation can be combined by the introduction of the phenomenological parameter-the net probability of escape of the photoexcited electrons w esc . Since the spacing, d, between GLs is rather small compared to the lateral size, 2L, one can use the following formulas which relate the charge densities eR 6 (with ÀR þ being virtually equal to the electron density in the upper, "electron," GL while R À being close to the hole density in the lower, "hole," GL) and the electric potentials (Poisson equation in the gradual channel approximation):
The negative values of eR 6 correspond to the case when a GL is filled primarily with electrons, whereas the positive values correspond to the filling by holes.
In the framework of the DG-PM device model under consideration, we describe the dynamics of the electron-hole system perturbed by the modulated optical radiation using the linearized hydrodynamic equations (i.e., using the small signal analysis). These equations are adjusted for the features of the energy spectrum of GLs. 10 In the situation under consideration, the linearized continuity equations can be presented as
Here edR 6 and d u 6 are the ac components of the GL charges and the average (hydrodynamic) velocities of electrons and holes along GLs, dj is the density of the inter-GL current, R 0 is the equilibrium density of electrons and holes in the pertinent GLs, and the axis x is directed along the GL plane. Considering the balance between the processes of the electron photoexcitation, the electron escape from one GL to another, and the electron relaxation in GLs, we obtain
Here, b ¼ p e 2 = h c ' 0:023, c is the speed of light, s esc is the characteristic time of the photoexcited electron thermionic or tunneling escape from GL, 1=s relax ¼ 1=s 0 þ 1=s cc þ1=s rec , where s 0 ; s cc , and s rec are the characteristic times of the optical phonon emission, inter-carrier collisions, and recombination, and s tr is the transit time across the barrier layer. The factor containing the value of the transit time s tr reflects the effect of finiteness of the transit time. Taking into account that in DG-PM the thickness of the barrier layer is rather small, even in the THz range of frequencies xs tr ( 1, hence, the factor in question can set to be equal to unity. Introducing the low frequency responsivity R 0,
the inter-GL ac current and the responsivity can be presented as
where
is the probability of the photoexcited electron escape from the n-GL to the p-GL and s e ¼ s esc s relax =ðs esc þ s relax Þ ¼ s relax ð1 À w esc Þ is the time, which characterizes the behavior of photoexcited electrons in GLs.
III. EXCITATION OF PLASMA OSCILLATIONS
The net ac inter-GL current is due to not only to the ac current induced by the photoexcited electrons passing from one GL to another, but also due to the displacement current. The latter is determined by the spatial distribution along GLs of the local ac potential difference ðdu þ À du À Þ. Generally, this distribution is essentially nonuniform stemmed from nonuniform spatial distributions of the ac components of the electron and hole densities. The uniformity in question can be particularly strong in the case of the excitation of plasma oscillations. Complementing Eqs. (2)- (4) with the linearized version of the hydrodynamic Euler equation governing the quantities d u 6 , one can reduce the problem of finding the spatial distributions of the ac potential, du 6 along GLs to the following equations:
Here, is the collision frequency of electrons and holes in GLs with impurities and acoustic phonons and s is the characteristic velocity of plasma waves in GLs. The terms in the right-hand sides of Eqs. (8) and (9) are associated with the ac inter-GL current. The plasma wave velocity s is determined by the net dc electron and hole density (i.e., by the Fermi 26, 27 from the plasma-wave velocity in a two-dimensional structure with highly conducting (metal) gate, 13 which is equal to s. This distinction is due to the equality of the GL properties. However, in the double-GL structures with finite length of GL under consideration, the plasma waves are standing with the quantized wave numbers q ¼ q n and, hence, the plasma frequencies x ¼ x n ¼ s Ã q n , where n ¼ 0, 1, 2,… is the index of the standing syn-phase plasma wave. Since the regions in which GLs do not overlap each other, i.e., the regions between the isolated (disconnected) edges of GLs and the contacts can contribute to the net capacitance of the double-GL structure under consideration (see Fig. 1, upper panel) . However, the effect of these regions on the plasma oscillations is weak if the length, L c , of these sections isolating GLs from the pertinent side contacts is not too long L c < L 2 =d. 16 Hence, considering just such a case, one can disregard the capacitance of these sections. This implies that one can use the following boundary conditions for Eqs. (8) and (9):
where du A is the drop of the ac potential across the antenna, which is proportional to its radiation resistance r A and the terminal ac current dJ, and 2L is the size of GLs [see Fig.  1(a) ]. The latter boundary conditions reflect the fact that the displacement current between the disconnected edges and the contacts are negligible, and, therefore, the electron and hole currents are equal to zero at disconnected edges of GLs (at x ¼ -L in the upper GL and at x ¼ L in the lower GL). Considering that the net terminal ac current comprises the current created by a portion of the photogenerated carriers escaped from one GL and collected by another and the displacement current, one obtains
where H is the GL transverse size (2LH is the GL area).
where A is a constant. Considering Eq. (12), Eqs. (8) and (9) can be presented as
Solving Eqs. (13) and (14) with boundary conditions (9), we obtain
Here c ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi 2xðx þ iÞ p =s. Introducing the characteristic plasma frequency
IV. PHOTOCURRENT AND OUTPUT THz POWER
From Eqs. (7), (11), (13), and (14), we obtain the following formula for the net terminal ac current:
where r A is the radiation resistance of the antenna. Excluding du A from Eqs. (16) and (17), we arrive at
where dP X ¼ 2LH hX dI; C ¼ kLH=2p d is the geometrical capacitance of the double-GL structure and s A ¼ Cr A is the characteristic recharging time. Accounting for Eq. (20), for the emitted THz power, dP x we obtain dP x ¼ dP 0 j1 À ixs e j 2 jcLðcot cL À cLÞ À ixs A j 2 (21) or
Here
e ; , Eqs. (21) and (22) yield
2 p is the Maxwell relaxation time in GLs, which is proportional to the double-GL structure capacitance and the GL resistance. If s
e < x < , Eq. (21) yields dP x / x À4 . However, in the devices with relatively low collision frequency, ( x p ; dP x can exhibit a steep rise when x approaches to the plasma resonance frequencies, x n / x p . Figures 3 and 4 show the frequency dependence of the normalized output power dP x =dP 0 calculated using Eqs. (21) and (22) for different values of the collision frequency and L/s, i.e., for different values of the characteristic plasma frequency,
1=4 is the main parameter characterizing the structure under consideration at given bias voltage. In Figs. 3 and 4, we assumed that L/s ¼ 0.25-0.1 ps. This corresponds to the characteristic plasma frequencies x p =2p ' 0:7 À1:77 THz. We also set s e ¼ 0:1 ps, (for instance, s relax
8 cm=s (this corresponds to R 0 ' 3:26 Â 10 12 cm À2 and l 0 ¼ 200 meV). As follows from Fig. 3 , the output power exhibits the resonant behavior. The position of the resonant peaks and their height are determined by the plasma frequency x p and the collision frequency . An increase in x p leads to a shift in the peak position toward higher frequencies (compare the upper and lower panels in Fig. 3) . Such a shift can be realized by varying the applied voltage V 0 (since x p / s=L / V 1=4 0 ). The shift of the resonant peak with increasing plasma frequency, i.e., decreasing ratio L/s is readily seen in Fig. 4 . As seen from Fig. 3 , the peak height markedly increases and its width decreases with the decreasing collision frequency , i.e., with the increasing quality factor of the plasma resonances.
The resonant frequencies are x n ¼ s Ã q n . Here the wave numbers q n determined by the quantization rule corresponding to the boundary conditions (10) are given by the following formulas: q 0 ¼ 0:86=L, so that f 0 ¼ x 0 =2p ¼ 0:86x p =p 2 for the fundamental (zeroth) resonance and q n ¼ pðn þ 1=p 2 nÞ=L and hence f n ¼ ð2x p =pÞðn þ 1=p 2 nÞ for higher resonances. However, for the chosen parameters, only the zeroth resonant peaks are substantially pronounced. They correspond to f 0 ' 0:38 THz and f 0 Շ 1 THz. A relatively low peak, which corresponds to the first resonance (n ¼ 1), can be detected at f 1 ' 1:52 THz as seen in the upper panel of Fig. 3 . Relatively low values of the responsivity and, hence, of the output power at higher resonances is associated with quasi-periodical spatial distributions of the ac potential along GL. Due to this factor, the displacement inter-GL current in different parts of the structure has the opposite sign. However, even this weak resonance can lead to a marked output power in the THz range: dP x =dP 0 ' 15% (see the inset in Fig. 3, upper panel) .
V. COMMENTS
For hX ' 1 eV and w esc Շ1, we obtain R 0 ' 0:023 A=W. This value of the low-frequency responsivity is of the same order of magnitude as in UTC-PDs 22, 23 with relatively thick (typical) absorption layer (W ' 100 nm), which corresponds to somewhat long electron transit time across this layer in UTC-PDs. This implies that the output THz power, dP 0 , at the low end of the THz range of DG-PMs and UTC-PDs is of the same order of magnitude. In particular, at dP X ' 1 W, one obtains 2LHdj ' 15 À 30 mA. Assuming r A ¼ 1 X (as follows from Refs. 22 and 23), for a DG-PM with the same antenna as in UTC-PDs we obtain dP 0 ' 225 À 900 lW.
The roll-off of the output power in DG-PTs with increasing difference frequencies x (i.e., the frequency of output radiation) can be markedly slower than that in UTCPDs because of a shorter escape time s esc and shorter transit time s tr . The point is that in UTC-PDs, the escape time is determined by the transit time of the photoexcited electrons across the absorption layer due their diffusion and drift. However, a decrease in the thickness of the absorption layer leads to a decrease in the quantum efficiency and, consequently, in the responsivity, so that the possibility of the narrowing of the absorption layer in UTC-PDs is limited.
At relatively high frequencies x (in the THz range), the conditions of plasma resonances can be fulfilled, and the resonant peaks of the ac photocurrent dJ and the output power can be fairly high, providing the sufficient quality of GL and properly chosen antenna parameters (or special structure for the THz radiation output). Figure 5 shows the transformation of the frequency dependence of the output power with the varying recharging time s A / s A . As follows from Eqs. (21)- (23) and from Fig. 5 , a decrease in the antenna radiation resistance leads to a decrease in the output power at low frequencies and its rise at the resonance.
However, at higher frequencies, at which the UTC-PD output power dramatically falls with increasing frequency, DG-PMs can provide markedly higher output THz power due to short transit times and the resonant excitation of plasma oscillations. Indeed, as seen from Fig. 3 , the output power in the DG-PM based on the double-GL structures with the realistic quality of GL (realistic values of the collision frequency ) at the fundamental plasma resonance can markedly exceed its value at low frequencies. The main factors limiting the height of the resonant peaks are the value of collision frequency (plasma resonance quality factor) and the recharging time s A , associated with the double-GL structure geometrical capacitance and the antenna radiation resistance. At 2LH ¼ 10 lm 2 , d ¼ 10 nm, k ¼ 10, and r A ¼ 1 À 10 X, one obtains s A ' ð0:03 À À0:3Þ ps, so that at x=2p ¼ 1 THz, the product xs A ' 0:188 À 1:88.
The most crucial requirement to realize effective DGPMs is the achievement of the probability of the escape of photoexcited electrons w esc $ 1. This enables to use either the double-GL structures with sufficiently low inter-GL barrier [to satisfy inequality (1) at reasonable energies of optical photons hX] or the structures with a thin tunnel transparent barrier.
The quantum efficiency and, hence, the output THz power can be markedly increased using several stacked double-GL structures or double-GL structures integrated with optical wave guides and the lateral input of modulated optical radiation (see Fig. 1, lower panels) .
VI. CONCLUSIONS
In summary, we proposed THz photomixers based on double-GL structures (DG-PMs), which exploit the absorption of radiation of two lasers with the photon frequencies close to each other or by ultra-short optical pulses. The photomixing mechanism involves the photoexcitation of electrons, their transfer between GL due to thermionic or tunneling processes, and the excitation of plasma oscillations the syn-phase variations of the electron and hole densities. We developed the DG-PM device model, which accounts for the processes mentioned above. Calculated the DG-PM characteristics, in particular, the frequency dependence of the output power from low to THz frequencies for different parameters of GL-structures. The model predicts that the radiation output power can exhibit sharp plasma resonant peaks in the THz range with the peak power markedly exceeding that at relatively low frequencies. Due to a relatively high quantum efficiency of optical absorption in GLs, short transit time, and the possibility of the resonant plasma oscillation excitation, DG-PMs can surpass the photomixers based on the standard heterostructures, in particular those based on UTC-PDs.
